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Reactive Oxygen Species Cause Direct Damage
of Engelbreth-Holm-Swarm Matrix

Barbara Riedle and Dontscho Kerjaschki
From the Section of Ultrastructural Pathology, Institute of
Clinical Pathology, University of Vienna, Vienna, Austria

Reactive oxygen species (ROS) are produced
and released into the extracelular spaces in nu-
merous diseases and contribute to development
and progression, for example, of inflammatory
diseases, proteinuria, and tumor invasion. How-
ever, little is known about ROS-induced chemical
changes of interstitial matrix proteins and their
consequences for the integrity of the matrix
meshwork. As basement membranes and other
matrices are highly cross-linked and complex,
the relatively simple matrix produced by En-
gelbreth-Holm-Swarm (EHS) sarcoma, and pro-
teins isolated therefrom, were incubated in vitro
with defined concentrations of ROS that were
generated by the Fenton or xanthine oxidasel
xanthine reactions. This resulted in two counter-
current effects. Although up to -15% of the EHS
matrix proteins were released into the superna-
tant in a ROS dose-response relationship, the
residual insoluble matrix was partially cross-
linked by ROS. Matrix proteins released into the
supernatants were examined by rotary shadow-
ing, quantitative sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, immunoblotting,
and.fluorospectrometry for loss of tryptophans
and formation of bityrosine residues. At rela-
tively low ROS concentrations, selective libera-
tion of morphologicaly intact laminin/entactin
was found that, however, failed to reassociate
and showed oxidative damage of its tryptophan
residues. At higher ROS concentrations, laminin
and entactin were progressively disintegrated,
partialy fragmented, and eventualy completely
degraded. At this point oligomers of type IV col-
lagenpredominated in the supernatant, andpro-
teoglycans were not encountered at any concen-
tration of ROS. Similar gradual molecular
changes were also obtained when fractions of
isolated soluble EHS matrix proteins were incu-

bated with graded concentrations of ROS. In
these experiments, the formation of covalently
linked oligomers and aggregates paraUeled the
ROS-dependent formation of cross-linking bity-
rosine groups. ROS scavengers pinpointed to the
hydroxyl radical as the most damaging radical
species. Protease inhibitor experiments sug-
gested that degradation of matrix proteins was
causedprimarily by the direct action ofROS and
not by proteolysis by potentialy contaminating
proteases. CoUectively, these results provide ev-
idence that EHS matrix proteins show differen-
tial sensitivity to ROS-induced damage in a re-
producible, sequential pattern, in the order
entactin > laminin > type IV coUagen, and that
ROS causepartial dissociation and cross-linking
of the EHS matrix. (Am J Pathol 1997,
151:215-231)

Extracellular matrix and basement membranes are
complex meshworks composed primarily of collag-
ens, laminins, entactin, and proteoglycans. Despite
this limited repertoire of molecular components, ma-
trices come in large varieties and serve diverse func-
tions, such as formation of barriers for migration of
cells, reservoir of growth factors and cytokines, and
many others.1-3 A striking example of functional ma-
trix specialization is the renal glomerular basement
membrane (GBM) that constitutes the filtration bar-
rier for plasma proteins.4'5 In many glomerular dis-
eases, loss of selective GBM permeability and con-
sequent proteinuria are associated with structural
damage of matrix proteins. Examples include ge-
netic defects of type IV collagen in Alport syn-
drome,6 damage inflicted by autoantibodies to type
IV collagen in Goodpasture syndrome in humans,7
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and genetic knock out of a single chain of s-laminin
in mice.8

Physiological remodeling of extracellular matrix
and basement membranes is regulated primarily by
the balance of proteases and protease inhibitors and
presumably also by locally produced reactive oxy-
gen species (ROS) and their natural scavengers. We
were interested in examining the effect of ROS on
GBMs because previous work has established a
causal relation with proteinuria in Heymann nephritis,
a classical rat model disease for human membra-
nous nephropathy.9 Beyond this aspect, interactions
of ROS with matrix proteins also occur and could be
of relevance in several pathological conditions, such
as acute and chronic inflammatory diseases and in
liver10 and myocardial damage.11

Little is known about direct ROS-induced molec-
ular modifications of individual matrix proteins and
their consequences for structure, properties, and
functions of the matrix. This is due in part to technical
limitations because of extensive cross-linking of ma-
trix proteins, for example, by lysyl oxidase via colla-
gens. Here we have examined in vitro effects of ROS
on the matrix produced by Engelbreth-Holm-Swarm
(EHS) sarcoma, an extensively studied and well
characterized simple surrogate of basement mem-
branes.12 As the experimental accessibility of matrix
proteins requires their solubility in sodium dodecyl
sulfate (SDS), we have chosen to grow EHS tumors
in lathyritic mice, in which cross-linking of collagen
was suppressed by inhibition of the lysyl oxidase.
This approach has revealed an unexpected differen-
tial sensitivity of matrix proteins to ROS.

Materials and Methods

Antibodies
Rat monoclonal IgG specific for laminin 131 and y1
chains, EHS-entactin, and EHS-perlecan were ob-
tained from Upstate Biotechnology (Lake Placid,
NY). Affinity-purified rabbit anti-laminin-1 IgG was
from Serotec (Stoughton, MA), and rabbit anti-EHS
type IV collagen was from Chemicon (Temecula,
CA).

Reagents
Ferrous chloride tetrahydrate, lyophilized xanthine
oxidase, xanthine, choline chloride, mono- and dipo-
tassium phosphate, 2,3-dihydroxybenzoate, allopuri-
nol, EDTA-tetranatrium salt, deferoxamine mesylate,
1,1,3,3,-tetraethoxypropane, superoxide dismutase,
catalase, L-methionine, 1,10-phenanthroline mono-

hydrate, 13-aminopropionitril, antipain hydrochloride,
pepstatin A, leupeptin, Azocoll, and Sephadex G
100 were purchased from Sigma Chemical Co. (St.
Louis, MO). H202 (30% Perhydrol), ammonium ace-
tate, sodium benzoate, sodium salicylate, o-phos-
phoric acid, N,N'-dimethylthiourea (DMTU), and
glycerol were obtained from Merck (Darmstadt, Ger-
many). Bovine serum albumin was from Behring
(Marburg, Germany). Triton X-100 (Surfact Amps,
10%), alkaline phosphatase substrates nitroblue tet-
razolium chloride and 5-bromo-4-chloro-3-indolyl
phosphate p-toluidine were from Pierce (Rockford,
IL). Tris, SDS, dithiothreitol (DTT), ammonium persul-
fate, and Tween 20 were from BioRad (Richmond,
CA). Alkaline-phosphatase-conjugated antibodies
were from Promega (Madison, WI). Pefabloc was
from Pentapharm AG (Basel, Switzerland). Quinine
sulfate was from BDH (Poole, UK).

Generation and Calibration of ROS
Produced by the Fenton and Xanthine
Oxidase/Xanthine Reactions
Defined concentrations of ROS were produced in
vitro by the Fenton reaction in TBS or PBS (pH 7.4)
with protease inhibitors (0.5 mg/ml Pefablock and
2.5 ,ug/ml antipain, leupeptin, and pepstatin) at 4°C.
The Fenton reaction was initiated and maintained by
two strategies: 1) by addition of variable amounts of
H202 (final concentrations of 0 to 1200 mmol/L) to
fixed concentrations of Fe2+ (0.3 or 0.5 mmol/L) for
constant incubation times (15 and 120 minutes) or 2)
by addition of a constant amount of H202 (final con-
centrations of 50 mmol/L) to a set concentration of
Fe2+ (0.3 mmol/L) and variable incubation intervals
(0 to 120 minutes). ROS production was quantitated
in pilot experiments in the absence of target proteins
by detection of hydroxyl radicals by a fluorospectro-
metric benzoate method,13 using quinine sulfate as
standard (with 1 U equivalent to 0.01 jig of quinine
sulfate),14 or a spectrophotometric salicylate method
with 2,3-dihydroxybenzoate (1 mmol/L to 1 ,umol/L)
as standard.15 The complementary consumption of
H202 was determined by iodometric titration using 4
mmol/L methionine as hydroxyl radical acceptor.

Xanthine oxidase purified from buttermilk was de-
pleted of contaminating proteases by Sephadex G
100 size exclusion chromatography in choline buffer
(125 mmol/L choline chloride, 25 mmol/L potassium
phosphate), pH 7.4, containing 0.01 mmol/L
EDTA.16'17 Protease activity was determined by a
photometric Azocoll method.16 ROS were produced
by incubation of 3 mU/ml xanthine oxidase with 1.2
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mmol/L xanthine, 0.3 mmol/L Fe2+, and 0.1 mmol/L
EDTA to stabilize the enzyme and to enhance dis-
mutation of the superoxide anion." Superoxide an-
ion was quantitated by a photometric time scan of
the conversion of xanthine to urate at 295 nm in a
Hitachi U 2000 spectrophotometer (Jasco, Tokyo,
Japan).

Preparation of EHS Matrix
EHS sarcomas were induced in lathyritic C57/BI
mice by subcutaneous injection of tumor cells into
the back thighs.19 After 10 weeks, tumors with -2
cm diameter were harvested. Aliquots were frozen
and stored in liquid N2. Tumors were pressed
through a 315-mesh steel sieve, and fragments were
collected by centrifugation, washed five times with
50 mmol/L Tris-buffered or phosphate-buffered sa-
line (TBS or PBS), suspended by vortexing, and
distributed into 100-,l aliquots containing 8 mg ±
5% protein. The use of mice in these experiments
was permitted by the Animal Ethics Committee and
the Austrian Ministry of Science.

Interaction ofROS with EHS Matrix

Aliquots of EHS matrix were suspended in TBS or
PBS containing 0.3 mmol/L Fe2+. The Fenton reac-
tion was started by addition of H202 (final concen-
trations from 0 to 150 mmol/L; final volume, 1 ml).
Incubation was carried out for 30 or 120 minutes at
40C. The reaction was stopped by addition of DMTU
(final concentration, 2.5 mmol/L). In control incuba-
tions, H202 was omitted. Solubilized proteins and
undissociated matrix were separated by centrifuga-
tion for 5 minutes at -12,000 x g in a microfuge
(Hettich, Tuttlingen, Germany). A 750-,lI volume of
the supernatant was collected and recentrifuged. To
avoid contamination by incompletely pelleted frag-
ments of EHS matrix, aliquots of the supernatants
were collected from the top of the tubes. They were
used for determination of protein concentrations by
the Coomassie Plus (Pierce) assay, for rotary shad-
owing, for trichloroacetic acid precipitation and SDS-
polyacrylamide gel electrophoresis (SDS-PAGE),
and for determination of oxidation of tryptophan res-
idues.

Alternatively, aliquots of EHS matrix were sus-
pended in PBS containing 0.3 mmol/L Fe2+ and 0.1
mmol/L EDTA and were incubated with xanthine ox-
idase (3 mU/ml) and xanthine (1.2 mmol/L) for 30 or
120 minutes at 40C. The reaction was stopped by
allopurinol (2 mmol/L). Supernatants were collected
and processed as described above. In controls, ali-

quots of matrix were incubated without xanthine ox-
idase and xanthine or with xanthine oxidase without
xanthine.
The pellets of EHS matrix remaining after 120 min-

utes of incubation with ROS (produced by the Fenton
reaction, using 20 and 150 mmol/L H202 in TBS) or
with TBS in controls were resuspended by vortexing
and incubated in TBS containing 20 mmol/L EDTA
for 1 hour at 200C. After centrifugation for 5 minutes
at -12,000 x g, the concentration of proteins re-
leased into the supernatants by EDTA was deter-
mined by the Coomassie Plus assay.

Isolated Extracellular Matrix Proteins

Preparations of isolated EHS matrix proteins en-
riched for laminin were purchased from Biomedical
Technologies. Composition and integrity of matrix
proteins were monitored by rotary shadowing, SDS-
PAGE, and immunoblotting. Batches were discarded
when proteolytic degradation was observed after in-
cubations for 2 hours at 40C despite the presence of
protease inhibitors.

Interaction of ROS with Isolated Matrix
Proteins
Aliquots of soluble laminin-enriched matrix protein
fractions (33 ,ug in 60 pkl of TBS) were incubated in
0.5 mmol/L Fe2" for 1 minute, followed by addition of
increasing concentrations of H202 (0 to 1200 mmol/L
final concentration). After 15 minutes at 40C, the
reaction was stopped by DMTU (final concentration,
35 mmol/L). Samples were processed for rotary
shadowing, SDS-PAGE and laser densitometry, fluo-
rospectrometry for tryptophan and tyrosine oxida-
tion, and for determination of thiobarbituric-acid-re-
active lipid peroxidation products.20

ROS-Induced Polymerization and Aggregate
Formation of Matrix Proteins

Aliquots of soluble laminin-enriched matrix proteins
fractions (120 ,ug in 85 ,lI of TBS) were incubated in
0.3 mmol/L Fe2+ for 1 minute, followed by addition of
H202 (0.5 and 20 mmol/L) and incubation for 130
minutes at 370C, to permit noncovalent polymeriza-
tion21 and/or covalent aggregate formation. In con-
trols, H202 was omitted. The insoluble polymeric
products were collected by centrifugation (6 minutes
at -12,000 x g), and the protein concentrations in
the supernatants were determined by the Coomassie
Plus assay. Proteins in the supernatant were also
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examined by rotary shadowing and by fluorospec-
trometry for oxidation of tryptophan residues.

The pellets obtained in the control incubations and
after treatment with 20 mmol/L H202 were incubated
with 20 mmol/L EDTA for 1 hour at 200C to dissociate
noncovalent homotypic interactions of the laminin
polymers. The concentration of EDTA-extracted pro-
teins in the supernatants was determined by the
Coomassie Plus assay. The EDTA-insoluble pellet
obtained after incubation with 20 mmol/L H202 was
further examined for its ability to dissolve in 5 mmol/L
DTT and for the presence of malone dialdehyde by
the thiobarbituric acid assay.20

ROS-Induced Derivatization of Tryptophan
and Tyrosine Residues

Oxidative alterations of tryptophan and tyrosine res-
idues were determined by fluorospectrometry in a
Jasco spectrofluorometer 777 with 1 U equivalent to
0.01 ,ug of quinine sulfate.14 Specific tryptophan flu-
orescence was detected at 280 nm excitation and
340 to 350 nm emission. Bityrosine formation was
measured at 325 nm excitation and 415 nm emis-
sion.

Identification of Matrix-Damaging ROS by
Use of Scavengers
Aliquots of soluble laminin-enriched matrix protein
fractions (28 gg in 60 ,ul of 50 mmol/L TBS) were
incubated in 1200 mmol/L H202 and 0.5 mmol/L
Fe2+ for 15 minutes at 40C, with one of the following
scavengers: catalase (11,500 U/ml), superoxide dis-
mutase (1600 U/mI), methionine (37 mmol/L), DMTU
(168 mmol/L), or deferoxamine mesylate (75 ,mol/
L). The matrix proteins were analyzed by SDS-PAGE
and rotary shadowing.

Inhibition of Endogenous Metalloproteases
To determine whether ROS-activated contaminating
metalloproteases could play a role in matrix protein
degradation, isolated matrix proteins (28 ,tg in 60 ,ul
of TBS) were incubated in 1200 mmol/L H202 and
0.5 mmol/L Fe2+ for 15 minutes at 40C, with the metal
ion (Zn2+ and Ca2+) chelator 1,10-phenanthroline (1
mmol/L).22 The proteins were assayed by SDS-
PAGE and rotary shadowing.

Rotary Shadowing
Isolated matrix proteins (10 to 20 ,ug/ml) were dis-
solved in 0.2 mol/L ammonium acetate in 50 to 70%

glycerol, filled into a capillary, and sprayed onto
freshly cleaved mica by a stream of N2.23 Mica chips
were placed onto a rotary stage of a Balzers freeze-
fracture unit (BAF 400 T, Balzers, Liechtenstein),
dried at <2 x 10-5 mbar for 1 to 2 hours, and rotary
shadowed with platinum at 70C and carbon at 900C.
Replicas were floated in distilled water, picked up on
200-mesh glow discharged copper grids (Balzers
CTA 010), and examined in a Jeol 1010 electron
microscope.

SDS-PAGE and Immunoblotting
Soluble matrix proteins or intact matrix samples were
solubilized by boiling for 3 minutes in reducing sam-
ple buffer (0.17 mol/L phosphoric acid, 0.31 mol/L
Tris, 0.9 mmol/L EDTA-tetranatrium salt, 20% glyc-
erol, 1% SDS, 36 mmol/L DTT), separated on 5 or 6%
acrylamide gels, and stained with Coomassie Bril-
liant Blue G. Some gels were transferred onto nitro-
cellulose membranes and immunoblotted with the
following antibodies: 1) rat monoclonal anti-laminin
,1 IgG (1 to 2 gg/ml), 2) rat monoclonal anti-perle-
can IgG (1 to 2 gg/ml), 3) rat monoclonal anti-entac-
tin IgG (1 to 2 ,ug/ml), 4) rabbit anti-laminin-1 serum
(--0.1 ,tg/ml), and 5) anti-EHS-collagen IV antiserum
(-0.2 ,ug/ml). Immunoblots were developed by ap-
propriate alkaline-phosphatase-labeled antibodies
and chromogens.

Statistical Analysis
Experiments were performed in duplicate when not
otherwise specified. Mean and standard deviations
were calculated according to the F-test.

Results

Generation of ROS by the Fenton and
Xanthine OxidaseiXanthine Reactions

Pilot experiments were performed in the absence of
EHS matrix to calibrate the production of ROS by the
Fenton reaction by adjusting the amount of H202
added to Fe2". After addition of graded amounts of
H202, the concentrations of the hydroxyl radical, a
major product of the Fenton reaction, was monitored
and found to correlate with the quantity of exogenous
H202 added (Figure 1A). The complementary con-
sumption of H202 in the Fenton reaction was moni-
tored by iodometry (Figure 1B) and found to be
initially relatively rapid (-4% within the first minutes),
and to progressively slow down (-13% after 15 min-
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utes and -40% after 120 minutes). In controls with-
out Fe2+, no decay of H202 was observed.

Xanthine oxidase/xanthine was used as a contin-
uous low-dose donor of H202 for the Fenton reaction
in some experiments. The levels of H202 (< 1
mmol/L) were at the threshold of sensitivity of direct
iodometric quantitation, and therefore indirect deter-
mination by quantitation of superoxide anion by a
sensitive enzymatic assay was performed (Figure
1C). This approach was valid because superoxide
anion rapidly dismutates to provide H202.18,24 Pro-
duction of superoxide anion lasted for 60 minutes
after initiation of the xanthine oxidase/xanthine reac-
tion and generated a total of -80 ,umol of superoxide
anion. In controls without xanthine, no enzymatic
activity was detected.

A,c1
0
C0

0 200 400 600 800

mM H202

100

B~o

1 ,0

C

0

0,0

0 60
t/min

t/min

ROS Cause Partial Disassembly ofEHS
Matrix

Aliquots of suspended EHS matrix (8 mg ± 5%) were
incubated with increasing concentrations of ROS
produced by the Fenton reaction while keeping the
incubation time constant at 120 minutes. In control
incubations, PBS without ROS extracted -200 Ag/
matrix aliquot, whereas TBS released -60 Ag, cor-
responding to 2.5 and 0.75% of the starting matrix
protein; however, the relative percentages of protein
released by ROS were similar in both buffers (Figure
2A). Low and intermediate concentrations of H202 (1
to 50 mmol/L) caused a dose-dependent release of
proteins from EHS matrix, resulting in a mean maxi-
mal increase of -480% when compared with con-
trols without ROS (Figure 2A). This corresponded to
solubilization of up to -15% of the EHS matrix used
for incubation. At higher concentrations of ROS (>50
mmol/L H202), less soluble protein was observed in
the incubation media, presumably because of ROS-
induced protein cross-linking and aggregation in the
supernatants. In a second incubation protocol, con-
centrations of H202 (50 mmol/L) and Fe2+ were kept
constant while incubation times were varied (0, 30,
and 120 minutes). The amount of matrix proteins
released from EHS matrix ranged from -250% at 30
minutes to -450% at 120 minutes when compared
with controls (Figure 2B).

1000

Figure 1. Calibration and time course of ROS production in the ab-
sence of protein by the Fenton and the xanthine oxidaselxanthine
reactions. The concentrations of hydroxyl radicals (A), the comple-
mentary H,OQ consumption during the Fenton reaction (B), and the
generation ofsuperoxide anion by xatnthine oxidaselxanthine (C) are
indicated. All experiments wvere performed in duplicate. A: The
amount of hydroxyl radicals generated during incubation is con-
trolled by H202 added to Fe2- to initiate the Fenton reaction. Hydroxyl
radicals were quantitated byfluorospectrometry to detect hydroxylated
benzoate(excitation, 305 nm; emission, 407nm). Increasing amounts
ofH2Q uere added to 0.5 mmol/L Fe2' in 2 ml of TBS containing 200
jig of sodiuim benzoate and incubated for 15 minutes. x axis, final
concentrations ofH,O, added; y axis, relativefluorescence intensity of
hydroxylated benzoate as indicator ofconcentration ofhydroxyl rad-
icals. 1 U = 0.01 p.g of quinine sulfate standard. B: Time course of

120 H20, consuimption by the Fenton reaction, complementary to gener-
ationi ofhydroxyl radicals. H202 was determined by iodomcetry. H2,02
(50 mmol L) and Fe2' (0.5 mmol/L) in TBS were incubated with 4
mmol/L methionine at 4°C, and 5-ml aliquots were drauwn at different
time points and uere added to 15 ml of 0.2 Npotassium iodite, 10 ml
of2 NH2SO4, and 5 ml of water. Back-titration uasperformed by 0.1
mol/L Na2S,O3 with potato starch as indicator. In control experiments
without Fe2', no decomposition ofH202 uas observed throughout the
incubation time. x axis, incuibation time; y axis, relativepercentage of
H,2Q, as compared with the starting concentration. C: Time course of
superoxide anion production by xanthine oxidaselxanthine, as indi-
rect indicator ofH20 generation. Superoxide anion was measured by
a kinetic photometric assayfor the conversion ofxanthine to urate by
xanthine oxidase (3 mU/ml)/xanthine (1.2 mmol/L) with 0.3 mmol/L
Fe2+ and 0.1 mmol/L EDTA in PBS (final volume, 1 ml) and expressed
as increase in absorption at 295 nm, AE = 1.24 X lo' mol/L- 'cm-'.

-4 In total, 80 ,umol of superoxide anion uere produtced. In controls
180 without xanthine, no enzymatic activi(y was detected. One unit is

defined as I ,umol of uratelminute. x axis, incuibation time; y axis,
absorption at 295 nm.

.
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EHS matrix was also incubated with continuously
produced low doses of ROS produced by the xanthine
oxidase/xanthine reaction. After 30 minutes of incuba-
tion, -570%, and after 120 minutes, -690% of matrix
proteins were liberated when compared with controls
(Figure 2C). This corresponded to --17% of protein of
the starting matrix. Additional control incubations were

performed with xanthine oxidase without xanthine,
which excluded the possibility that degradation by
contaminating proteases was a cause of protein re-

lease from the EHS matrix (Figure 2C).
These results indicate that treatment of assembled

intact EHS matrix with ROS resulted in partial disso-
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ciation of matrix and release of matrix proteins into
the incubation media.

ROS Induce Cross-Linking of EHS Matrix

While ROS extracted -15% of protein from the EHS
matrix, the residual EHS matrix remained undissoci-
ated. This could be due to cross-links present al-
ready in the starting EHS matrix and/or additional
ROS-induced cross-linking, eg, by formation of bity-
rosine residues. As indicator for this possibility, the
amount of matrix protein released by EDTA (predom-
inantly laminin) was determined from EHS matrices
after control and ROS-containing incubations. EDTA
buffer extracted approximately three times more pro-

tein in controls than from ROS-incubated residual
matrix (values corrected for laminin released by ROS
in the preceding step; Figure 3), suggesting that
laminin and presumably also other matrix proteins
were cross-linked by ROS. Adduct formation by lipid
peroxidation products, another potential cross-link-
ing mechanism, was not encountered.

Laminin Is Released from EHS Matrix at
Lower ROS Concentrations than Type IV
Collagen
Matrix proteins released from the EHS matrix into the
incubation media by graded concentrations of ROS
were analyzed by rotary shadowing and electron
microscopy. Monomeric laminin (-80% complexed
with entactin, data not shown) was found in control
incubations without ROS. Also at low concentrations

Figure 2. ROS partially disassemble EHS matrix and release matrix
proteins into the incubation media. Experiments were performed in
tnplicate; vertical bars are the standard deviations. A: Dose-response
relationship of release of EHS matrix proteins by increasing concen-
trations ofROSproduced by the Fenton reaction. Aliquots of8 mg +
5% EHS matrix were suspended in buffer containing 0.3 mmol/L Fe2+
and inicubated with increasinig concentrations ofH202for 120 min-
utes at 40C. Protein concentrations were determined by the Coomassie
Pluis assay. x axis, final concentrations of H202 added to the incuba-
tion buffers, expressed in ln(x + e) to accommodate a uwide range of
concentrations; y axis, protein released by ROS, expressed as percent-
age of protein released when incubated without H202 (10000). B:
Time-response relationship ofprotein releasefrom EHS matrix into the
incubation media by ROSproduced by the Fenton reaction. Aliquots of
8 mg ± 5% EHS matrix uwere suspended in buffer containing 0.3
mmot/L Fe2+ and u'ere incubated with 50 mmol/L H202 for 30 and
120 minutes. x axis, incuibation times; y axis, protein released by ROS,
expressed as percentage ofprotein released when incubated in buffer
without H20_2 (100%). C: Time-response relationship of protein re-
leasedfrom assembled EHS matrix into the incubation media by ROS
produced by the xanthine oxidase reaction (-). Aliquots of8 mg ± 5%
EHS matrix were suspended in buffer containing 0.3 mmol/L Fe2+ and
0.1 mmol/L EDTA and were incubated uwith constant amounts of
xanthine oxidase (3 mO and xanthine (1.2 mmol/L) for 30 and 120
minutes. In controls, xanthine was omitted (OI). x axis, incubation
time; y axis, protein released by ROS, expressed aspercentage ofprotein
released when incubated in bufjer uithout xanthine oxidase and
xanthine (100%).
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tein-specific antibodies. The same proteins were ob-
served in controls and at low concentrations of ROS
(Figure 5, lanes A to C), including laminin fl1/yl and
al chains with apparent molecular weights (MWs) of
-.-200 and -400 kd (Figure 5, lane D) and entactin
with apparent MW of -158 kd (Figure 5, lane E). At
low concentrations of ROS, also oligomeric aggre-
gates were observed at the top of the resolving gels
(Figure 5, lanes B and C). At intermediate ROS con-
centrations (Figure 5, lane G), essentially the same
protein pattern was found. At high concentrations of
ROS, two type IV collagen chains with apparent MWs
of -180 and -165 kd became prominent (Figure 5,

ation ofEHS matrtix by EDTA is partially inhibited lanes H to J) whereas laminin and entactin were
,ross-linking. When aliquots of EHS matrix uere
monlL EDTA in TBSfor60 minutesat20°C, - 14% decreased. Anti-perlecan IgG failed to detect any
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tactin; Figure 4, A and B). At interme- were intact. However, solubilization of matrix sam-
ncentrations (induced by 50 mmol/L ples in reducing SDS sample buffer was variable and
ed laminin was observed that was de- incomplete.

void of entactin and that showed various degrees of
structural damage, ranging from distortion of its
cross shape to loss of peripheral globular domains
and entire arms (Figure 4C). In addition, few type IV
collagen molecules were found in these prepara-
tions. At high ROS concentrations (induced by 150
mmol/L H202), only heavily fragmented laminin and
small globular proteins were observed. Type IV col-
lagen dominated in these preparations, frequently as
dimers and oligomers lacking the lateral 7 S domains
(Figure 4D). In addition, large aggregates of matrix
proteins were observed in which fragments or com-
ponents of laminin or collagen were occasionally
recognized (Figure 4, E and F). Intriguingly, proteo-
glycans were never found in the supernatants. Sim-
ilar results were obtained in both incubation proto-
cols of the Fenton reaction, ie, variation of external
H202 or variation of incubation times at constant
H202 concentration. In the xanthine oxidase/xan-
thine reaction, only soluble intact laminin/entactin
complexes were observed (data not shown), consis-
tent with the results described above for low concen-
trations of ROS directly produced by the Fenton
reaction.

Isolated EHS Matrix Proteins Show Graded
Sensitivity to ROS
Incubation of soluble EHS matrix proteins with in-
creasing concentrations of ROS yielded a more pre-
cise and detailed inventory of morphological
changes of individual matrix proteins (Figure 6). In
control incubations, aliquots of matrix protein were
incubated in buffer without H202 and analyzed by
rotary shadowing (Figure 6A). They consisted of
>90% monomeric laminin, -50% of which was as-
sociated with entactin (Figure 6, B-D), as well as a
few laminin dimers (Figure 6E). Type IV collagen
constituted <3% of all molecules. Unspecified glob-
ular and dumbbell-shaped proteins of --10 nm diam-
eter were infrequently encountered. Proteoglycans
were not identified. Increasing concentrations of
ROS induced variable forms of damage of laminin,
ranging from detachment of entactin to distortion of
arms, loss of peripheral domains, progressive muti-
lation of laminin crosses, and complete degradation
(Figure 6, G-M). By contrast, type IV collagen re-
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Figure 4. Laminin is released from EHS matrix at lower concentrations of ROS than type IV collagen, as seen by rotary shadowing. Gallery of
representative views of matrix proteins released into the incubation mediafrom EHS matrix at low (A and B), intermediate (C), and high (D to F)
concentrations ofROS. A and B: Regularshaped laminin/entactin (ent) complexes released at lowROS concentrations (induced by 2.5 mmol/L H20,
0.3 mmol/L Fe2+; 120 minutes at 40() identical with those released in control incubations without ROS. C: Laminin released at intermediate
concentrations ofROS (induced by 75 mmol/L H20, 0.3 mmol/L Fe2+; 120 minutes at 40C), showing a spectrum of damage, rangingfrom loss of
entactin (arrows) to massive twisting of the cross shape (asterisks) to loss ofperfpberal globular domains and whole arms (arrowheads). D: At a
higherROS concentration (induced by 150 mmol/L H202, 0.3 mmol/L Fe2+; 120 minutes at 4°0, thepredominantprotein was type IVcollagen (cot),
preferentially in oligomers that laterally lack 7 S domains (A). Fragmented laminin was occasionallyfound, whereas intact laminin was absent.
Unspecified globularproteins are indicated by circles. E and F: Oligomeric aggregates (aggr) areformed at high concentrations ofROS. Remnants
of laminin (lam) and type IV collagen (cot) were identified. Magnification, X 140, 000.
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Figure 5. Identification of matrix proteins released at differetnt concentrations ofROS into the incubation media. Proteins were separated by 50%
SDS-PAGE and stained with Coomassie Blue (lanes A to C and G to 1) or immunoblotted with matrix protein-specific antibodies (lanes D to F, J,
and K). The experiment wasperformed in triplicate. Lanes A to E: At lowerROS concentrations, proteins with apparentMWs of158, -200, and -400
kd (lane A, control; lane B, ROS induced with 2.5 mmol/L H20Q2, lane C, 10 mmol/L H202) were released, which are identified by immunoblotting
(lanes D and E) as entactin (158 kd), laminin (31/yl (200 kd), and laminin al (400 kd). Lane F shows that perlecan is not detected by
immunoblotting. Lanes G to K: Intermediate and high concentrations ofROS in the incubation media release also laminin and entactin, similar
to louwer concentrations ofROS (lane G, ROS induced with 50 mmol/L H202). Maximalprotein release is observed at 50 mmol/L H202 (lane G). With
increasing levels ofROS, these bandsfade away and two proteins with apparent MWs of 165 and 180 kd becomeprominent (lane H, ROS induced
by 75 mmol/L H202, lane 1, 150 mmol/L H202) that are type IV collagen al and a2 chains (lane J). Perlecan is not detected even at high
concentrations ofROS (lane K). Oligomeric aggregates consisting primarily oflaminin are detected at the top of the gels (lanes B, C, and G). MWs
are indicated by globular protein standards.

mained apparently unfragmented, even at high ROS
concentrations, and therefore appeared relatively
enriched (Figure 6, K and L). Aggregates became
prominent at high ROS concentrations (Figure 6N).

Equal aliquots of matrix proteins incubated with
ROS or with control buffer were analyzed by SDS-
PAGE (Figure 7, A and B) and immunoblotting. An
inventory of proteins of the control matrix comprised
the -200- and -400-kd laminin f3l/yl and al chains
and 100- and 105-kd fragments of entactin (Figure 7,
lane A). A >600-kd band on the top of the resolving
gels corresponded to <5% of total protein and was
labeled by anti-laminin IgG. The -185-, -200-, and
-380-kd proteins were poorly stained by Coomassie
Blue and were identified as al, a2 chains and
dimers of type IV collagen (Figure 8, lane 1). Incu-
bation with low ROS concentrations caused rapid
and almost complete degradation of the entactin
fragments (Figure 7, lane B). With increasing ROS
concentrations, laminin chains progressively disap-
peared, with a more pronounced loss of the 31 and
yl chains than of the al chains (Figure 7, lanes B to
F). In addition, the (31 and yl chains showed a
slightly increased electrophoretic mobility. The pat-
terns of type IV collagen al, a2 chains and dimers
remained unchanged at low and intermediate ROS
concentrations and abruptly changed into a broad
streak at high ROS concentrations (Figure 8, lanes A
to F).

Low Concentrations ofROS Cause
Oxidation of Tryptophan Residues in
Laminin
Laminin released from intact EHS matrix at very low
concentrations of ROS (induced by 2.5 mmol/L

H202) showed -50% reduction of tryptophan-spe-
cific fluorescence, indicating damage of this partic-
ularly oxidation-sensitive amino acid. When small
amounts of ROS (induced by 0.5 and 1 mmol/L
H202) were incubated with soluble matrix protein
fractions containing primarily laminin, rapid and al-
most complete loss of tryptophan-specific fluores-
cence was observed, whereas Fe2+ or H202 sepa-
rately showed only minimal reduction (Figure 9, A
and B). This indicated that tryptophans of laminin
were damaged by low concentrations of ROS, at
which morphological damage was absent.

ROS-Modified Laminin Fails to Polymerize
Spontaneous homotypic association of intact laminin
(1.4 mg/ml TBS) was achieved by incubation for 130
minutes at 370C (Table 1). The pelleted polymer
could be subsequently redissolved in 20 mmol/L
EDTA in TBS. By contrast, laminin incubated with
very low concentrations of ROS (induced by 0.5
mmol/L H202) failed to associate under these con-
ditions. Although its morphology appeared intact,
>70% of its tryptophans were damaged by oxida-
tion. At higher concentrations of ROS (induced by 20
mmol/L H202), laminin formed covalent aggregates,
which, however, failed to dissolve in 20 mmol/L
EDTA and also 5 mmol/L DTT.

Aggregate Formation Correlates with
Oxidative Dimerization of Tyrosine Residues
With increasing concentrations of ROS covalently
linked, nonreducible oligomeric aggregates of lami-
nin and type IV collagen were formed from soluble
matrix proteins (Figure 10). When the formation of
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Figure 7. Dose-response relation of concentration of ROS in the incubation media and degradation and aggregation of matrix proteins. Equal
aliquots ofsoluble isolated EHS matrix proteins were incubated in TBS with 0.5 mmol/L Fe2+ for 15 minutes at 40C with increasing concentrations
ofROS, induced by the Fenton reaction at H202 concentrations of0 mmol/L (control; A), 30 mmol/L (B), 60 mmol/L (C), 180 mmol/L (D), 600 mmol/L
(E), and 1200 mmot/L (F). The experiment wasperformedfour times. Left: Polyacrylamide gel (5%) stained with Coomassie Blue onto which equal
aliquots ofROS-incubated matrix proteins were loaded. With increasing ROS concentrations, entactin and laminin chains progressively disappear
in the sequence entactin > laminin (31 yl > laminin a 1, whereas aggregates are building up. Right: Quantitative evaluation by laser densitometry,
showing the kinetics of decay of entactin and laminin and the countercurrent formation of covalent oligomeric aggregates.

bityrosines, an established ROS-mediated cross-

linking reaction,14 was determined, a direct correla-
tion with ROS concentration and aggregate forma-
tion was found (Figure 10). High concentrations of
H202 (1200 mmol/L) alone without Fe2+ and in the
presence of deferoxamine yielded 50 to 70% bity-
rosines of those produced by the Fenton reaction.
Thiobarbituric-acid-reactive substances, such as the
cross-linking lipid peroxidation adducts malone dial-
dehyde and 4-hydroxynonenal were not detected
(data not shown).

Degradation of Laminin and Entactin Is
Caused Primarily by Hydroxyl Radicals
Definition of the ROS compounds responsible for
matrix protein damage was achieved by use of the
ROS scavengers DMTU, methionine, catalase, su-

peroxide dismutase, and deferoxamine (Figure 1 1),
which are known to interfere with unique reactive
products and intermediates of the Fenton reaction.
Fractions of soluble matrix proteins were incubated
at constant high concentration of ROS (induced by

1200 mmol/L H202), ie, conditions at which >95% of
entactin and laminin chains were destroyed in the
absence of scavengers (Figure 1 1, lane B). Degra-
dation of laminin and entactin was significantly inhib-
ited by the hydroxyl radical scavengers DMTU (Fig-
ure 11, lane C) and less effectively by methionine
(Figure 11, lane D). Deferoxamine (Figure 11, lane G)
and catalase (Figure 11, lane E) prevented formation
of the hydroxyl radical and reduced degradation of
matrix proteins. The superoxide anion scavenger su-

peroxide dismutase (Figure 11, lane F) almost com-
pletely failed to inhibit protein degradation. Taken
together, these findings suggest that the hydroxyl
radical was the main species responsible for matrix
protein degradation.

Formation of oligomers and aggregates was ap-
parently induced not only by hydroxyl radicals but
also by H202 alone, because they were not pre-
vented by deferoxamine (Figure 11, lane G),
whereas DMTU (Figure 11, lane C), which scav-

enges hydroxyl radicals and H202, completely inhib-
ited their formation. This finding was confirmed by
rotary shadowing of matrix proteins incubated with

Figure 6. Gallery of morphological alterations of isolated, soluble EHS matrix proteins incubated with increasing concentrations of ROS. A to E:
Soluble isolated matrix proteins were incubated in buffer without ROS. Monomeric and occasionally also dimeric (dim) laminin is observed, with
50% of laminin forming complexes uith entactin (ent; B to D). Type IV collagen dimers are minor constituents. F to J: At intermediate

concentrations ofROS (induced by 30 to 180 mmol/L H022, 0.5 mmol/L Fe2+; incubation for 15 minutes at 4°), detachment ofentactin (arrows,
G) and distortion of arms (asterisks, H) are frequently found. With increasing ROS concentrations, loss ofperipheral domains (I) or of arms
(arrowheads, J) are encountered. Type IVcollagen dimers and monomers(col) show regularshapes(F). K to N: High concentrations ofROS(induced
by 1200 mmol/L H202) cause complete loss of laminin and entactin. Type IV collagen dimers and less frequently monomers predominate (K.
Unspecifiedglobularproteins (M, circles) and aggregates (aggr; K and N) areprominent. Magnification, X 75,000(A, F, and K) and X230,000(B
to E, G to J, and L toN).
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Figure 8. Effects ofROS on soluble, isolated type IV collagen. Equal aliquots ofsoluble isolated EHS matrix proteins were incubated in TBS with 0.5
mmol/L Fe2+ for 15 minutes at 4°C with increasing concentrations of ROS, induced by the Fenton reaction at H202 concentrations of 0 mmol L

(control; A), 30 mmol/L (B), 60 mmol/L (C), 180 mmol/L (D), 600 mmol/L (E), and 1200 mmol/L (F). After separation by SDS-PAGE and transfer
onto nitrocellulose, immunoblotting with anti-type IV collagen antibodies for each strip under identical conditions u'as performed. The experiment
was performedfour times. Left: Immunoblotting with anti-type-IV-collagen antibodies. Type IV collagen a1 and a2 chain monomers and dimers
remained intact up to a ROS concentration induced by 600 mmol/L H202 (E), at which the sharp bands converted into broad streaks (E and F).
Right: Quantitative evaluation by laser densitometry, showing relative resistance of collagen chains to ROS up to 600 mmol/L HI20,.

H202 and deferoxamine, which showed increased
numbers of intact laminin oligomers (data not
shown).

Role of Metalloproteases in ROS-Induced
Degradation of Matrix Proteins

Metalloproteases are frequently associated with ma-

trix proteins, especially with laminin,25 and are acti-
vated by ROS.26 Thus, it was relevant to assess their
potential contribution to the degradation of matrix
proteins and to distinguish their action from that of
ROS. When the metal ion chelator 1,10-phenanthro-
line was included as a metalloprotease inhibitor into
incubation media, only minimal reduction of the deg-
radative effects of ROS was observed (Figure 1 1 H).
This suggested indirectly that degradation of matrix
proteins was primarily due to ROS.

Discussion

Infiltration of tissues by inflammatory and tumor cells
requires cell migration through the complex glyco-
protein meshworks of intercellular matrix and base-
ment membranes. Although roles of proteases for
focal degradation of matrix are established, the con-

tributions of ROS produced especially by activated

cells27-31 were not analyzed in detail. ROS cause
several chemical protein modifications, such as

cleavage of peptide bonds, formation of cross-links,
and oxidation of aromatic and other amino acid res-

idues.143233 Because of the complex structures of
natural matrices, it was technically difficult to identify
specific ROS-induced damage on individual matrix
proteins and to assess consequences for matrix as-

sembly and dissociation in vivo. We have chosen to
analyze in vitro the actions of ROS on the EHS sar-

coma matrix that consists primarily of laminin, entac-
tin, type IV collagen, and the heparan sulfate proteo-
glycan perlecan.12 19 These matrix proteins
assemble in a three-dimensional meshwork, com-

posed by two largely independent homopolymeric
networks of laminin and type IV collagen22 that are

connected via entactin and perlecan bridges.3 EHS
matrix differs, however, in several aspects from nat-
ural basement membranes, such as the GBM, in that
the subspecies of laminin and type IV collagen are

different. Specifically, the EHS matrix contains lami-
nin 1 and a121a2 type IV collagen, whereas laminin 3
(S-laminin) and a32/a4 type IV collagen predominate
in the GBM. Moreover, it is not known whether the
two-polymer model of EHS matrix also applies to
basement membranes.

In this study, assembled EHS matrix, or fractions
of isolated soluble EHS matrix proteins were incu-
bated in vitro with precisely adjusted concentrations
of ROS produced by the Fenton or the xanthine
oxidase/xanthine reactions. These ROS-generating
systems also occur in vivo and provide a wide spec-
trum of ROS, such as hydroxyl radicals, H202, and
superoxide anion.34-3 Matrix proteins were exam-

ined for oxidative damage by rotary shadowing,
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Figure 10. ROS-induced formation of oligomeric matrix protein ag-
gregates (A) and bityrosine residues (-) follows a dose-effect relation.
Aggregates were quantitatedfrom SDS gels by densitometry, and bity-
rosine residues were quantitated byfluorospectrometry at excitation at
325 and emission at 415 nm. Increasing concentrations ofROS were

produced by adding H202(0 to 1200 mmol/L) to TBS with 0.5 mmol/L
Fe2" and incubatingfor 15 minutes at 4°C. x axis, H202 concentra-
tion expressed in ln(x + e) to accommodate a wide range ofconcen-
trations; y axis, percentage of oligomers or bityrosines expressed as

percentage of those obtained by the highest ROS concentration pro-
duced by 1200 mmol/L H202. Values are means ofa duplicate deter-
mination.

I quantitative SDS-PAGE, and immunoblotting and by
320 / nm 420 fluorospectrometry to detect oxidative damage of

tryptophan residues and formation of bityrosine links
B A major finding of this investigation was that ROS
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ind when both Fenton reac-
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Polymerization of Laminin
'iate Concentrations of ROS

Laminin and laminin/entactin complexes were se-

lectively released into the incubation medium at rel-
atively low concentrations of ROS. Although the mor-

phology and chain sizes of the complexes appeared

by Low Concentrations of ROS and Formation of Covalent

Laminin Fluorescence Pellet
H202 polymerized/ of dissolved Laminin
added aggregated tryptophans by EDTA shape

Control 30% 100% 100% Intact
0.5 mmol/L <1% 29% Intact
20 mmol/L 37% <5% <1% Damaged

1.4 mg/ml aliquots of isolated EHS matrix protein fractions enriched for laminin (>95%) were incubated for 130 minutes at 370C without,
or with very low (0.5 mM H202, 0.5 mM Fe2+), or intermediate concentrations (20 mM H202, 0.5 mM Fe2+) of ROS. The amount of
polymerized or aggregated proteins was expressed as the percentage of the starting protein concentration. Insoluble protein polymers
were pelleted and dissolved in 20 mM EDTA in TBS. Whereas polymers formed in control incubations without ROS are EDTA-soluble, small
amounts of ROS efficiently inhibit laminin assembly. Whereas at these ROS concentrations the shape of laminin was intact, extensive
oxidative damage of tryptophan residues was observed. By contrast, aggregates formed by high ROS concentrations were insoluble in
EDTA, presumably because of covalent ROS-induced cross-linking. At this ROS concentration laminin morphology was damaged, and
tryptophan-specific fluorescence was almost completely abolished.
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Figure 11. Identification of the hydroxyl radical as the major species
responsible for degradation of matrix proteins and the role of degra-
dative activity ofmetalloproteases. Soluble isolated EHS matrixproteins
were incubated with high concentrations of ROS (induced by 1200
mmol/L H202 and 0.5 mmol/L Fe"2; 15 minutes at 4°0, with several
ROS scavengers (B to G) and a metalloprotease inhibitor (H), and
subjected to SDS-PAGE (upper panel) and laser densitometry (lower
panel ) for quantitative evaluation. Th-e composition of the untreated
soluble matrix protein fraction is shown in A. Lane B and column B
show almost complete oxidative degradation of matrix proteins and
simultaneous formation ofaggregates by ROS. In C, degradation and
aggregation are effectively inhibited by DMTU (168 mmol/L). Signifi-
cant inhibition of degradation and aggregation is also obtained with
methionine (37 mmol/L) in D and with deferoxamine mesylate (75
,umol/iL) in G. Complete inhibition of degradation and aggregation is
achieved with catalase ( 11, 500 U ml) in E, with the strong band at
- 60 kd, indicating the enzyme. Superoxide dismutase ( 1600 Ulml) in
F has almost no effect in preventing ROS-mediated degradation/ag-
gregation. Lane H and column H show that metal ion chelating by
1,10-phenanthroline (1 mmol/L) has almost no influence in ROS-
induced degradation/aggregation. The experiment was performed in
duplicate.

intact by rotary shadowing and SDS-PAGE, exten-
sive oxidative damage of tryptophans was observed.
Intriguingly, this soluble oxidized laminin failed to
associate to form polymers, suggesting irreversible
intramolecular conformational changes, similar to
those observed in laminin by in vitro glucosylation.38
By analogy, low-dose ROS-induced changes of mo-
lecular conformation without gross molecular dam-
age were recently found to cause complete loss of
enzymatic activity of acetyl cholinesterase.9 With
increasing concentrations of ROS in the incubation
media, gradual mutilation of laminin molecules was
observed, ranging from apparent loss of its rigid
cross shape and random detachment of individual
globular units and arms to complete fragmentation
and disassembly. In SDS gels, these morphological
changes were paralleled by progressive loss of in-
dividual laminin chains, with the 200-kd chains being
apparently more sensitive than the 400-kd chain.

Entactin in the laminin/entactin complexes was
found to be the most ROS-sensitive matrix protein. It
remains to be determined whether ROS-induced re-
lease of laminin is influenced by damage of entactin

that mediates heterotypic laminin-collagen contacts
and stabilizes EHS matrix.3

The type IV collagen network in the EHS matrix
was more resistant to ROS than laminin. Collagen
was released from intact EHS matrix at high concen-
trations of ROS, at which entactin and laminin were
already severely damaged or completely degraded.
Most of the released type IV collagen formed dimers
or oligomers, lacking the amino-terminal linkage
forming 7 S regions of the lateral edges. This could
explain why small oligomeric groups of type IV col-
lagen were detached from homotypic associations in
the matrix. Experiments with soluble isolated type IV
collagen indicated that up to relatively high concen-
trations of ROS collagen chains migrated in sharp
bands that changed abruptly at 600 mmol/L H202 to
broad streaks. Simple explanations could be partial
fragmentation and aggregation of type IV collagen or
alterations in molecular shape and rigidity that were
not apparent by rotary shadowing. Degradation of
type IV collagen occurred at higher concentrations
of ROS than of type I collagen.40

Perlecan was not detected by biochemical or mor-
phological methods in the supernatant at any ROS
concentration used. However, intact perlecan re-
mained within the ROS-treated matrix, even when
laminin and type IV collagen were partially solubi-
lized, suggesting that perlecan was not released by
ROS or that a small fraction was released and rapidly
degraded. This is in agreement with the observation
that perfusion of kidneys with xanthine oxidase and
xanthine failed to degrade GBM proteoglycans,
whereas their concentration in the GBM and in the
perfusion media decreased.41 The apparent resis-
tance of the perlecan core protein to ROS is, how-
ever, in contrast to chondrocyte proteoglycans, in
which massive degradation was induced by similar
concentrations of ROS as used in this study.42 This
could be due to different chemical structures and/or
accessibility of proteoglycans in cartilage. Oxidative
derivatizations and fragmentations of EHS-perlecan
glycosaminoglycan chains were not investigated
and may be unlikely, especially as heparan sulfate
and other sulfated glycosaminoglycans were found
to be relatively resistant to ROS-induced oxidative
damage.43

Even at high concentrations, ROS failed to depo-
lymerize the EHS matrix entirely. As EHS tumors
were grown in lathyritic mice19 in which lysine-medi-
ated cross-links of collagen were abolished,12 the
question arose as to the biochemical basis of this
resistance to ROS-induced disassembly. A simple
explanation was provided by the ROS-induced
cross-linking of laminin found within the residual in-
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soluble matrix. Collectively, these results provided
evidence that ROS exert two different, countercur-
rent effects on the EHS matrix; although they caused
partial solubilization, they simultaneously induced
cross-linking that presumably counteracts complete
disassembly of the matrix meshwork.

Detailed information about ROS-induced forma-
tion of molecular cross-links and aggregates was
obtained when isolated, soluble laminin/entactin and
type IV collagen were incubated with increasing con-
centrations of ROS. SDS-insoluble oligomers and ag-
gregates consisted primarily of laminin and in-
creased in size and number with the concentrations
of ROS. H202 alone in the absence of Fe2+ was also
sufficient to induce substantial aggregation. Forma-
tion of bityrosine residues was identified as one po-
tential cross-linking mechanism, whereas MDA
Schiff bases, a typical product of lipid peroxidation,
were not encountered. These data suggest that for-
mation of covalently linked aggregates of matrix pro-
teins in vitro was directly mediated by ROS.

These results raised the question of whether a
single compound of ROS could be identified as pri-
mary cause for the oxidative damage, because the
Fenton reaction generates a mixture of different ROS
of variable half-life and chemical reactivity. By use of
specific scavengers, we have provided evidence
that the hydroxyl radical was the most damaging
agent for laminin/entactin and type IV collagen. This
is in agreement with the known harmful role of the
hydroxyl radicals in vivo, for example, in develop-
ment of the proteinuria in puromycin aminonucleo-
side nephrosis,44 in experimental arthritis,45 and in
invasion and metastasis of Colon 26-M5 tumor
cells.46 The short-lived hydroxyl radical was found to
cause damage especially on proteins that contain
metal-binding sites, at which it is locally generated.33
It remains to be determined whether similar site-
directed actions of hydroxyl radicals contribute to
ROS-induced conformational changes, aggrega-
tions, and fragmentations of EHS matrix proteins.
Can we distinguish between degradative actions

of ROS and proteases? This is even more important,
as EHS matrix as well as basement membranes are
known to contain serine proteases, such as plas-
min,47 and also metalloproteases,26 which are asso-
ciated with laminin.25 Moreover, ROS are known to
increase the susceptibility of proteins to degradation
by proteases and to activate latent metalloproteases.
Several precautions were taken to minimize proteol-
ysis, such as prescreening for protease activity, use
of a mixture of protease inhibitors, and incubations in
the cold. As indicated by appropriate control exper-
iments, these precautions suppressed any potential

proteolytic degradation, and thus it appears that the
results obtained were primarily due to direct actions
of ROS.

Although the results of this report record major in
vitro effects of ROS on EHS matrix, the question
remains whether similar ROS concentrations also oc-
cur in vivo. Unfortunately, pathologically relevant in
vivo concentrations of individual ROS are not
known.48 It is possible that, in certain microenviron-
ments, such as domains of surface membranes of
activated neutrophils and macrophages, ROS con-
centrations could be reached sufficiently high to
damage surrounding matrix proteins and facilitate
cell migration.

The relevance of ROS in the pathogenesis of var-
ious human and experimental diseases that involve
alterations of extracellular matrix was underscored
by the fact that interventional therapies with ROS
scavengers caused dramatic reduction of disease
activity. For example, human and murine tumor cells
were found to produce ROS that correspond with
invasive and metastatic behavior.29 46 Synovial fluids
in human rheumatoid arthritis and in potassium-per-
oxochromate-induced rat arthritis were found to con-
tain high concentrations of ROS.45'49 ROS-induced
degradation of myocardial matrix in ischemic and
inflammatory lesions was presumably involved in
progressive ventricular dilatation.11 Eventually, ROS-
mediated damage to the GBM was implicated in the
development of proteinuria in several experimental
glomerular diseases, such as puromycin nephro-
sis50 and presumably also Heymann nephritis.51 Re-
cently, fragments of laminin were found in relatively
high concentrations in human sera and urine in dia-
betes and after environmental exposure to chlori-
nated hydrocarbons.52 As the pathogenesis of these
conditions involve ROS production, it remains to be
determined whether or not these laminin fragments
were released from the GBMs by ROS. Rapid and
significant loss of laminin was also observed in tu-
bular basement membranes in post-ischemic, ROS-
associated renal failure.53 ROS could be involved in
these situations in detachment and fragmentation of
laminin and presumably also other matrix proteins
from basement membranes. Their ability to form
cross-links of matrix proteins could be of additional
functional relevance. As an example, in vitro chemi-
cal cross-linking of EHS matrix or of isolated GBMs
increased their porosity, apparently by alteration of
their three-dimensional structure.54'55

Matrix damage in vivo is presumably a multifacto-
rial process that involves a concerted action of ROS,
lipid peroxidation, halidation, NO, proteases, and
other noxious systems. The results of this study sug-
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gest, however, that direct actions of ROS on matrix
proteins are essential components of this scenario. It
remains to be determined to what extent ROS-in-
duced partial dissolution and cross-linking of EHS
matrix reflect pathological situations in vivo.
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